Optical properties of a two-dimensional square-lattice photonic crystal are systematically investigated within the partial bandgap through anisotropic characteristics analysis and numerical simulation of field pattern. Using the plane-wave expansion method and Hellmann-Feynman theorem, the relationships between the incident and refracted angles for both phase and group velocities are calculated to analyze light propagation from air to photonic crystals. Three kinds of flat slab focusing are summarized and demonstrated by numerical simulations using the multiple scattering method.
INTRODUCTION
A photonic crystal (PhC) is an artificial medium whose refractive index is periodically arranged.
1,2 When propagating through this medium, electromagnetic waves will be modulated in the form of Bloch modes and photonic band structure appears. Due to the multiple scattering in PhC, anomalous electromagnetic phenomena such as the socalled negative refraction and its resulted flat slab focusing can be present. 3, 4 Negative refraction is one of the unusual characteristics of left-handed materials, which were initially proposed by Veselago in the 1960s (Ref. 5 ) and have attracted renewed interest recently. [6] [7] [8] [9] [10] [11] [12] In general,
an isotropic left-handed medium results in negative refraction. However, there is no necessary relation between the refraction and rightness for anisotropic mediums. 13 Take the anisotropic PhC as an example. Because of the Bloch phase and group velocities being noncollinear, both left-handed positive refraction and right-handed negative refraction can occur. Usually, there are two kinds of negative refraction and its resulting focusing effect in PhCs. 4, 10, 14 One is the lefthanded behavior as described by Veselago. In this case, the electromagnetic fields E and H and the wave vector k form a left-handed triplet (i.e., S · k Ͻ 0, where S is the Poynting vector). This kind of negative refraction in PhCs was first pointed out by Notomi, 3 and has been demonstrated by lots of numerical simulations and experiments. [11] [12] [13] [14] [15] The other is realized without employing negative index or left-handed behavior, but by the highorder Bragg scattering 10 or anisotropy. 4 In the latter case, the PhC behaves much like a right-handed medium (i.e., S · k Ͼ 0). This kind of negative refraction and its resulting focusing were first theoretically investigated in the partial bandgap of a two-dimensional (2D) square-lattice PhC in 2002, and was experimentally confirmed one year later. 8, 9 Subsequently, much attention has been focused on such PhC arrays. [16] [17] [18] [19] Recently Li et al. have studied these extraordinary phenomena in PhCs made by cylindrical rods in a triangular lattice and elliptical rods in a square lattice 20, 21 that differ from squares-lattice PhCs with cylindrical rods studied intensively before and again in this paper.
Instead of analyzing the photonic band structure and equifrequency contours (EFCs) qualitatively as before, in this paper we investigate optical properties of a squarelattice PhC in the partial bandgap by using the plane wave expansion method and Hellmann-Feynman theorem to analyze the Bloch group velocities. 22 Based on the calculated results of the incident and refracted angles of group velocities, three kinds of flat slab focusing are summarized and demonstrated by numerical simulations using the multiple scattering methods. 19, 23 Particularly, a right-handed flat lens that behaves like a left-handed optically thinner medium is discussed.
ANISOTROPIC CHARACTERISTICS ANALYSIS
The 2D PhC considered in this paper consists of squarelattice dielectric cylinders arranged in the background of air. The cylinder has a dielectric constant of = 12.96 and a radius of r = 0.3a, where a is the lattice constant. Using the plane-wave expansion method, photonic band structure and EFCs for the TM polarization are calculated and plotted in Fig. 1 . The frequency is normalized as a / and the interface between PhC and free space is along the ⌫M direction. According to Notomi's theory, we can conclude from Fig. 1 (b) that in the first band the PhC behaves right-handed, i.e., S · k Ͼ 0. In the partial bandgap (normalized frequency from 0.185 to 0.222), EFCs within the first Brillouin zone (BZ) are significantly distorted from a circle, indicating strong anisotropy. In this case, the Bloch group velocities normalized to the EFCs are no longer collinear with their corresponding phase velocities, and negative refraction can occur under certain conditions.
Considering the symmetry of a square lattice, we calculate the phase and group indices within a quarter BZ to analyze the anisotropic characteristics (i.e., the angle between the Bloch wave vector and the interface normal increases from − /4 to / 4). The phase index 24 can be written as
where k and k 0 are the wave vectors of light in PhC and free space respectively, and sgn is the sign function. g is the group velocity in PhC, which is given by 
͑2͒
The group index 22 is defined from the group velocity
where c is the velocity of the light in free space. Using the plane wave expansion method and Hellman-Feynman theorem, 22 the calculated results of n p and n g are shown in Figs. 2(a) and 2(b) . In order to directly exhibit the Bloch phase and group velocities being noncollinear, the angle between these two vectors is plotted in Fig. 2(c) .
These parameters of four normalized frequencies such as f = 0.18, 0.19, 0.198, and 0.21 are shown in Fig. 2 . For f = 0.18 in the first conducted band, whose EFC is nearly a circle as shown in Fig. 1(b) , the phase and group indexes vary slightly and the Bloch wave vectors are almost collinear with their corresponding group velocities. At this long wavelength, the PhC can be treated approximately as a homogenous isotropic medium characterized by an effective index. However, because of strong anisotropy in the partial bandgap, these parameters change fast, especially at the edges of the BZ. In this instance, the effective medium theory becomes invalid. To get an intuitive knowledge of light propagation from air to PhC, the relationships between the incident and refracted angles for both phase and group velocities are calculated and shown in Fig. 3 .
In Fig. 3(a) , all incident phase velocities at these four frequencies are refracted almost at the same positive direction for the same incident angle because their phase indexes are almost equal as shown in Fig. 2(a) . But it is totally different for the group velocities. From Fig. 3(b) , we can conclude three kinds of group refractions. For f = 0.19, due to the convex and flat EFC as illustrated in Fig. 1(b) , all incident beams are refracted positively but confined near the interface normal (the group refracted angles are less than 10°). At this frequency, near-field focusing can be present only for some thin slabs. As has been studied intensively before, a typical canalization effect occurs at f = 0.198. Most of the incident beams are bent in the direction of ⌫M. For the Bloch wave at the edge of the BZ being excited, negative refraction can take place as has been demonstrated experimentally in Ref. 8 . At f = 0.21, in some respects the PhC behaves like a lefthanded optically thinner medium though S · k Ͼ 0. Negative refraction occurs when a plane wave is incident from air to PhC with an angle less than the critical angle.
NUMERICAL SIMULATIONS
To test the above analysis, numerical simulations are conducted by using the multiple scattering method. First, we consider a slit beam 23 For investigating the imaging properties of a flat slab made from this PhC, a point source is located at d o = 1.5a away from the center of the first row. For the point source with f = 0.18, at which the PhC behaves like an almost isotropic right-handed medium, no focusing is Fig. 5 . In Fig. 6(a) , an image is formed behind a nine-layer PhC slab due to the weak canalization effect at f = 0.19. When the slab is added to 19 layers, the image disappears as shown in Fig. 6(b) . At the typical canalization frequency f = 0.198, an image appears even for a 29-layer slab as illustrated in Fig. 7 . A guiding channel is clearly visible through the PhC slab. For the PhC slab lens at f = 0.21, the dependence of the image on the object distance and slab thickness is demonstrated in Fig. 8 . This kind of imaging is obviously different from the near-field focusing caused by canalization effects. As shown in Fig. 8(a) , a point source is located before a 17-layer PhC slab at d o = 1.5a, and an image is formed at d i = 7.5a away from the center of the last row. Then, we relocate the point source at d o =6a to increase the object distance beyond the near-field region. It is clear in Fig. 8(b) that the image moves forward to d i = 6.4a. Finally, the slab lens is added to 29 layers, and the image is evidently backed off at d i = 12.9a as depicted in Fig. 8(c) . These phenomena are similar to the geometric optics analysis for a negative-index slab with ͉n ͉ Ͻ 1.
CONCLUSION
In conclusion, we have systematically investigated the optical properties of a 2D square-lattice PhC within the partial bandgap by analyzing the Bloch group velocities. The relationships between the incident and refracted angles for both phase and group velocities have been obtained to get an intuitive knowledge of light propagation from air to PhC. Three kinds of focusing have been summarized and demonstrated by numerical simulations. Although the theoretical analyses of Bloch waves are calculated for infinite PhCs, they are still well consistent with the numerical simulations. In this paper, our analysis has been focused on a dielectric cylindrical square-lattice PhC, but it also can be extended to others such as triangular-lattice cylindrical and elliptical-rod square-lattice PhCs.
